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a b s t r a c t
In order to investigate the hydro-mechanical (HM) and chemical perturbations induced in an argillaceous
formation by forced ventilation during the operational period of a nuclear waste repository, a speciﬁc
experiment has been performed in a tunnel, at Mont Terri Underground Research Laboratory (URL) in
Switzerland. This experiment has been selected in the international project DECOVALEX for model vali-
dation and the numerical simulation of this ventilation experiment (VE) is the object of the present paper.
Since the argillaceous rock exhibits anisotropic properties, particular attention is given to the evaluation
of the effects of various anisotropic features on thepredicted results. In situmeasurements such as relative
humidity (RH), global water mass extracted, pore water pressure, water content, and relative displace-
ments are compared to predictions using both isotropic and anisotropic parameters. Water permeabilityont Terri Underground Research
aboratory (URL)
entilation experiment (VE)
rgillite
anisotropy is shown to be the most inﬂuencing parameter by far, whereas in situ stress anisotropy has
an effect only during the excavation phase. The anisotropy for mechanical parameterization has also
some inﬂuence, in particular through HM couplings. These HM couplings have the potential to be very
signiﬁcant in terms of providing conﬁdence in describing the experimental observation, and should be
considered for further investigation.
© 2013 Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. Production and hosting by
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h. Introduction
Safety assessment of a high-level nuclear waste repository in
deep geological formation requires fundamental investigations
ased on physical models and computer codes on the one hand,
nd on experimental investigations on the other hand. Experimen-
al investigations are conducted in the ﬁeld as well as in devoted
nderground Research Laboratories (URLs). Among different∗ Corresponding author. Tel.: +33 169086247.
E-mail address: alain.millard@cea.fr (A. Millard).
eer review under responsibility of Institute of Rock and Soil Mechanics, Chinese
cademy of Sciences.
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ciences. Production and hosting by Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.jrmge.2012.11.001
p
p
l
t
t
(
i
t
a
i
rElsevier B.V. All rights reserved.
ossible host rocks, claystone is being investigated by several
ountries. In Switzerland, theMontTerriURLwas created in1995 in
n argillite layer (called Opalinus clay) in order to characterize and
tudy the geological, hydrogelogical, geochemical and geotechnical
roperties of this clay formation. For this purpose, heavily instru-
ented experiments have been designed and installed, supplying
large amount of data which can be further used for model vali-
ation. Among these experiments, the ventilation experiment (VE)
as been carried out in a micro-tunnel to study the desaturation
rocess which may happen during the construction and operation
hases of the repository because of the forced ventilation in gal-
eries and drifts. In particular, this desaturation process can change
hehydro-mechanical (HM)properties of the rock, thus inﬂuencing
he potential performance of the repository.
In the framework of the international project DECOVALEX
acronymforDEvelopmentofCOdes andVALidationagainst EXper-
ments), a speciﬁc task has been devoted to the prediction of
his experiment. In this task, a preliminary exercise, considered
s a preparation step, consisted of modelling a laboratory dry-
ng test in order to check the ability of the computer codes to
eproduce the main phenomena involved in the VE on the one
9 and G
h
t
t
p
t
l
t
J
d
r
S
f
w
w
e
E
2
2
w
B
O8 A. Millard et al. / Journal of Rock Mechanics
and, and to identify a ﬁrst set of hydraulic parameters relevant
o the Opalinus clay on the other hand. In the following part of the
ask, the different phases of the VE have been simulated: a ﬁrst
eriod following the excavation of the micro-tunnel in 1999, up
o the installation of doors enabling, later on, a controlled venti-
ation of a portion of the micro-tunnel, and then a succession of
wo cycles of desaturation–resaturation period happening from
une 2003 to July 2005. In the present paper, analysis of the ﬁrst
esaturation–resaturation cycle is described in details. Simulation
esults are compared to experimental values measured on site.
pecial attention is given to the inﬂuence of various anisotropic
eatures exhibited by the in situ rock mass. Results concerning the
hole VE are given in details in Garitte et al. (2013).
Contributions to the modelling work presented in this paper
eremade by individuals fromCommissariat à l’Énergie Atomique
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t aux énergies alternatives (CEA), Quintessa Ltd., Japanese Atomic
nergy Agency (JAEA) and Chinese Academy of Sciences (CAS).
. Ventilation experiment in Mont Terri URL
.1. Short description
The Mont Terri URL is located near a security gallery of a motor-
ay tunnel in northern Switzerland (Martin and Lanyon, 2003;
ossart and Nussbaum, 2007). It is at a depth of about 400m in
palinus clay, which is a stiff layered Mesozoic clay of marine
rigin. After the excavation of niches in 1996, a new gallery was
xcavated in 1998, followed in 1999 by a micro-tunnel of 1.3m in
iameter. The VE took place in a 10m long section of this micro-
unnel as represented in Fig. 1.
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krl
l(−gradpl + lF) (2)Fig. 3. Relative humidity along the micro-tunnel.
After its excavation, the micro-tunnel has been left as built,
ithout control of the ambient relative humidity (RH), for about
.4 years. Then, doors were installed in order to create a controlled
ection of 10m long, where the air inﬂow and the RH could be
mposed (Fig. 2). The micro-tunnel has then been subjected to two
etting–drying cycles. The ﬁrst cycle, which is addressed in this
aper, lasted from 8 July 2002 to 29 January 2004. After a pre-
cribed 100% RH of the inﬂowing air, a desaturation period started,
orresponding to a 2% RH of the inﬂowing air. This ﬁrst cycle was
hen followed by the second cycle, and a ﬁnal resaturation. The cor-
esponding total sequence of prescribed RH is illustrated in Fig. 3
curve RH-in, in red).
The micro-tunnel has been intensively instrumented with RH
ensors all along the test section, pore pressure sensors, displace-
ents sensors. Moreover, two water pans have been installed in
rder to record the evolution of their mass loss due to the ventila-
ion.
Their location is indicated in Fig. 2. The variation of the RH with
ime, at different points along the micro-tunnel, is shown in Fig. 3.
.2. Rock mass properties
Resulting from its marine origin, Opalinus clay exhibits
nisotropic (more precisely transversely isotropic) properties. The
edding planes, which were originally horizontal at the deposi-
ion time, are now inclined, following the formation of the Mont
erri anticline which reﬂects the overall geological structure of
he Jura Mountains. With respect to the micro-tunnel position, the
edding planes are sub-horizontal, dipping at about 25◦, and the
ectors normal to the bedding planes are located in a vertical plane
ontaining the tunnel axis.
The various properties of argillite, such as elastic stiffness,
hermic and hydraulic conductivities, effective diffusion, swelling
ressure, etc., show anisotropy. From a micro-structural point of
iew, among other factors, the inﬂuence of the mineral compo-
ents preferred orientation on these properties has been clearly
videnced by Wenk et al. (2008). Klinkenberg et al. (2009) also
howed the correlation between the Opalinus clay failure strength
nd its carbonate contents. In particular, the structure of these
arbonates, made of grained shell fragments, by favoring the inter-
onnection of micro-cracks which develop at grains boundaries,
w
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ay explain the decrease of the failure strength with the increase
f the carbonate contents.
TheOpalinus claymacroscopicpropertieshavebeenextensively
haracterized in situ and in laboratory tests. Among those, various
stimated properties which have been used, have been taken from
ock (2001) and Floría et al. (2002), and are summarized in Table 1.
The liquid pore pressure is equal to 1.85MPa at the depth of the
RL, and the in situ stresses are also anisotropic, with the following
alues (reported by Bossart et al. (2004) and similar to Corkum and
artin (2007)), using the engineering convention for stress (i.e.
ension is positive):
1) Vertical stress: [−6, −7] MPa.
2) Horizontal stress perpendicular to the tunnel axis: [−1, −3]
MPa.
3) Horizontal stress along the tunnel axis: [−4, −5] MPa.
. Modelling approach
Different thermo-hydro-mechanical (THM) formulations can be
sed to model with more or less accuracy the physical processes
oing on in the VE. Garitte et al. (2013) described in detail the
ormulations used by the different teams and discussed the par-
icularities of each formulation. Nevertheless, some basic balance
aws and state laws are common to all formulations, and they are
resented hereafter, together with some peculiarities of the CEA
odel.
.1. Theoretical model
The theoretical model is formulated in the framework of par-
ially saturated porous media, for example Lewis and Schreﬂer
1998) and Bear and Bachmat (1990). The solid part is a porous
edium composed of solid grains, assembled in a skeleton. The
rains are assumed to be incompressible, whereas the skeleton
ay deform. The pores of the medium may be ﬁlled by a mixture
f liquid water and gas. The gas itself is supposed to be an ideal
ixture of air and vapour. The gas pressure is supposed to be con-
tant, equal to the atmospheric pressure. This is known as Richards’
pproximation (Richards, 1931). The effect of the vapour diffusion
s incorporated in a simpliﬁed way, maintaining the assumption of
constant gas pressure. The liquid water pressure, pl, is therefore
sed to characterize the evolution of all the water in the porous
edium. Only minor variations of temperature are observed in the
nvestigated area, consequently an isothermal model is adequate.
The equations governing the evolution of the chosen primary
ariables, which are the displacements , and the liquid water
ressure pl, are classically obtained from conservation equations
ogether with state laws.
In the following equations,  denotes the porosity, Sl the degree
f saturation (Sl ∈ [0,1]) and l the liquid water density.
The conservation of the total mass of water mw (liquid and
apour) is written as
∂mw
∂t
+ div(q
-1
+ q
-v
) = 0 (1)
here q
- l
, q
-v
, are respectively the liquid water mass ﬂux and the
apour mass ﬂux.
The mass ﬂux of liquid water is given by a generalized Darcy’s
aw:- l
here K--
is the intrinsic permeability tensor, krl is the permeability
elative to liquid water, l is the dynamic viscosity of water, and
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stands for body forces such as gravity. The mass ﬂux of vapour,
hich is assumed to be mostly due to diffusion, can be written,
hanks to the constant gas pressure assumption, as
-v
= −Mv
RT
Sg	Dvagradpv (3)
here Mv denotes the molar mass of vapour, R is the ideal gas
onstant, T is the temperature, Sg = 1− Sl, 	 is an empiric coefﬁ-
ient called tortuosity, and Dva (cm2/s) is the diffusion coefﬁcient
f vapour in air. This coefﬁcient is classically given by the following
xpression, where T0 is a reference temperature equal to 273K:
va = 0.217patmpg
(
T
T0
)1.88
(4)
here patm is the atmospheric pressure, and pg is the gas pressure.
With the use of Kelvin’s law, the vapour pressure can be
xpressed in terms of the primary unknown pl, via the capillary
ressure pc:
v = pvs(T) exp
(
−pcMv
lRT
)
(5)
here pvs(T) is the saturated vapour pressure at temperature T.
hus, themassﬂuxofvapour canﬁnallybeexpressed (in isothermal
onditions) as a function of the liquid pressure gradient:
-v
= −Dvpgradpl (6)
here Dvp is a proportionality coefﬁcient.
The conservation of momentum is written classically as
iv 
 + F = 0 (7)
here 
 stands for the total stress in the porous medium; and 
tands for its equivalent density, given by
= (1 − )s + Sll (8)
here s denotes the density of the skeleton. The material
ehaviour law is of Biot’s poroelastic type, such as

 = C(dε) − B
=
dpl (9)
here C represents the transverse isotropic elastic properties
ourth order tensor; and B
=
, the Biot’s coefﬁcient, is a second order
ensor, which, in the unsaturated case, is assumed to be propor-
ional to the saturation. In the isotropic case, it may be simpliﬁed
s
=
= bSll (10)
here b is the usual saturated Biot’s coefﬁcient, and l the unit
ensor.
The degree of saturation is related to the capillary pressure pc
hrough the function:
l = Sl(pc) (11)
nd the liquid water relative permeability krl is a function of the
egree of saturation.
According to Mun˜oz et al. (2003), the following modiﬁed Van
enuchten’s law has been used as capillary pressure curve:
l =
[
1 +
(
pc
p
)1/(1−)]−(
1 − pc
ps
)s
(12)
here p, ps,  and s are parameters.
The relative liquid water permeability is also given by a Van
enuchten’s law, but with a different parameter ′:
rl =
√
Sl[1 − (1 − Sl1/
′
)
′
]
2
(13)
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The intrinsic permeability varies with the porosity according to
he following law (Kozeny, 1927):
= K0
3
(1 − )2
(1 − 0)2
30
(14)
here 0 denotes the initial porosity, and K0 is the corresponding
ntrinsic permeability.
.2. Model setup
In order to avoid a time-consuming 3D analysis of the VE, it has
een agreed to restrict the analysis to a 2D cross-section of the
icro-tunnel. Since the RH varies along the micro-tunnel, it has
een chosen to consider its value for a given cross-section as “input
ata”. For this purpose, the particular value recorded in the cross-
ection SA3 (corresponding to the middle of the tunnel) has been
elected, instead of the mean value in the tunnel, for consistency.
The size of the 2D domain has been extended to 130m in hor-
zontal and vertical directions, centred at the micro-tunnel (see
ig. 4). The mesh has been reﬁned in the vicinity of the drying
oundary in order to accurately represent the expected pressure
radients. The ﬁnite elements used are quadratic in displacements
nd linear in pressure.
The material parameters involved in the above equations have
een determined according to the following procedures. First,
hysical parameters, such as the porosity or the grain density, have
een taken from available data in Table 1. Then, the parameters p,
s,  and s involved in the capillary pressure curve, have been
dentiﬁed from available data related to drying paths (Mun˜oz et al.,
003). The intrinsic permeability K0, as well as the relative perme-
bility parameter ′, has been calibrated by laboratory drying tests
erformed on argillite samples (Garitte et al., 2010). During these
ests, the weight loss was continuously recorded, and the water
ontent was measured at three different times, thus enabling an
ccurate determination ofK0 and′. Since the beddingplanes of the
amples were oriented along the sample axis, which was the only
ossible direction for water movement, this calibration supplies
he value of the permeability along the bedding planes.
Since a constant temperature T=15 ◦C has been assumed,
he water dynamic viscosity 1 has been taken equal to
.707×10–3 kg/(m s). The value of the Biot’s coefﬁcient has been
stimated from previous studies on similar rocks (Millard and
ejeb, 2008), since no value was available in Bock (2001). For mul-
iphase ﬂow, Quintessa used the Bishop model, which can be seen
s a generalization of the original Biot’s formulation (Bond et al.,
013). Finally, some preliminary computations have shown a too
m
a
l
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tiff mechanical response of the rock, which led to the reduction
f the Young’s modulus. This result is not so surprising because of
he scale effects which are classically observed between mechan-
cal properties derived from laboratory experiments and in situ
easurements. All these calibratedparameters are listed inTable 2.
Since a constant temperature T=30 ◦C has been assumed,
he water dynamic viscosity 1 has been taken equal to
.9×10−4 kg/(ms).
Initially, the rock mass is saturated, and the corresponding pore
ressure varies linearly with the depth, from 1.21MPa at the top of
he domain, to 2.49MPa at the bottom. Impervious boundaries are
rescribed at the basis and on the lateral surfaces of the domain;
hereas on the top surface, the pressure is maintained to its ini-
ial value (see Fig. 4). In the micro-tunnel, after the excavation,
n exchange boundary condition of the following form has been
onsidered:
-
= ˛(hr − hextr )n- (15)
here q
-
denotes themass ﬂux in themicro-tunnel, hr stands for the
H at the micro-tunnel wall, hrext stands for the RH in the micro-
unnel, and n- is the outwards normal vector. The coefﬁcient ˛ has
een calibrated from the mean mass loss from the water pans dur-
ng theperiod from8September2003until 28 January2004.During
his period, the mean water loss amounts to 686.5 g, thus leading
o a value of ˛=7.143×10−6 kg/(m2 s).
Concerning the mechanical initial conditions as reference solu-
ion, an isotropic in situ litho-static stress statehasbeenpostulated.
s the pore pressure, it varies linearlywith depth, from−3.2MPa at
he topof thedomain, to−6.6MPaat thebottom. The stresses at the
icro-tunnel level are equal to −4.9MPa. For the boundary condi-
ions, zero normal displacements are prescribed on the bottom and
ateral surfaces of the domain, whereas a uniform vertical stress of
3.2MPa is applied on the top surface (see Fig. 4). Finally, at the
icro-tunnel wall a zero normal stress is applied after excavation.
In order to appraise the inﬂuence of anisotropic features on the
odel predictions, it has been decided to perform calculations ini-
ially assuming isotropic properties. Then, the various anisotropic
eatures have been investigated. In both cases, the predicted results
re compared to the in situ measurements in terms of global water
ass extracted from the tunnel, RH evolutions measured in the
ock mass at various distances from the tunnel wall, and ﬁnally
elative displacements. The calculations have been performed by
he different teams involved in the task, using different computer
odes: CAST3M, developed by CEA (Verpeaux et al., 1989; CEA,
008), QPAC developed by Quintessa (Maul et al., 2010), THAMES
eveloped by JAERI (Ohnishi et al., 1985), and FRT-THM developed
y CAS in the framework of the previous DECOVALEX project. The
alculations have been carried out over the whole micro-tunnel
istory, taking into account ﬁrst the excavation phase, then the
eriod preceding the installation of the controlled section doors,
nd ﬁnally the two wetting–drying cycles. For simplicity, only the
esults related to the ﬁrst wetting–drying cycle will be presented
nd discussed here.
. Main results in isotropic case
In this paragraph, the results predicted using the isotropic
roperties are compared to the measured values. First, the time
volution of the global water mass extracted from the tunnel is
isplayed in Fig. 5. An upper and a lower range for the measure-
ents, estimated from the gas inﬂow and outﬂow from the tunnel,
re shown in dashed lines together with the predicted curve in full
ine. In Fig. 5, the day 1910 corresponds to 28 June 2003, which is
he starting date of the measurements.
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Sig. 6. Rockmass relative humidity evolutionwith time, at different radial distances
rom the tunnel axis (points: measured values in section SB1; full lines: calculated
alues).
The evolution of the RH inside the rock mass is plotted for dis-
ances of 0.02m, 0.25m, 0.35m, 0.5m and 0.75m from the tunnel
all in Fig. 6. As it can be seen, the model over-predicts the water
oss, although the RH evolution is nicely predicted, close to the
unnel wall. Moreover, relative displacements, which are deter-
ined from the radial displacements of two points separated by
m distance along a radius, starting from the tunnel wall, have
een measured since 18 July 2002 (i.e. day 1561). They are well
eproduced (Fig. 7), for the wetting part of the cycle which induces
welling displacements inwards (i.e. towards the tunnel axis), as
ell as for the drying part which induces shrinking displacements
utwards.
Finally, thewater content radialproﬁlesmeasuredon26 January
004 (i.e. at the end of the desaturation period) are compared to
he calculated ones (Fig. 8). The differences in the measures along
he vertical and horizontal directions clearly indicate the inﬂuence
f some anisotropic features, which cannot be reproduced by the
resent isotropic calculation.. Accounting for anisotropic effects
As it has been already mentioned, Opalinus clay exhibits dif-
erent anisotropic features, such as anisotropic in situ stresses,
ig. 7. Relative radial displacements evolution (points: measured values in section
D1; full line: calculated values).
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Fig. 8. Water content radial proﬁles at the end of the ﬁrst desaturation (26 January
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Fig. 9. Pore pressure iso-maps around the micro-tunnel, right after excavation, in
the case of anisotropic in situ stresses.
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In addition to the anisotropic in situ stresses, the transverse
isotropic intrinsic permeability is now accounted for in the cal-
culation. As already explained, the permeability along the bedding
planes corresponds to the value calibrated on the laboratory drying004). Comparison between measured values (points) and calculated values (full
ine).
ransversely isotropic HM properties. In the following, these fea-
ures will be considered in turn. Their inﬂuence will be discussed,
n the one hand, on the state of the rock mass right after the exca-
ation, and more importantly, on the other hand, after wetting and
ryingphases. Bothqualitativeandquantitativeaspectswill bepre-
ented in order to appraise the effect of the various anisotropic
eatures.
.1. Inﬂuence of anisotropic in situ stresses
As mentioned in Section 2.2, in reality the in situ stresses are
nisotropic. For the calculation, the horizontal stress along the tun-
el axis is kept equal to 
0, the horizontal stress normal to the
unnel axis is taken equal to 0.5
0, and the vertical stress to 1.4
0,
here 
0 denotes the previous isotropic in situ stress distribution.
he HM properties are kept isotropic. Compared to the isotropic
esults already presented, the new results are nearly identical and
herefore they are not exhaustively reproduced here. However, as
ould be reasonably expected, the anisotropy of the in situ stresses
nduces some signiﬁcant differences. In particular, when excavat-
ng the tunnel, instead of a nearly uniform reduction of the pore
ressure around the tunnel, as well as a nearly circular deformed
hape of the tunnel, the pore pressure is increased in the horizon-
al direction, close to the tunnel wall whereas it is decreased above
nd below the tunnel, and the tunnel tends to ovalize. This is a
onsequence of the unloading of the stresses in the tunnel, where
he initial vertical stresses are more important than the horizontal
nes, thus leading to an increased radial convergence in the ver-
ical direction, and to the ovalization of the tunnel. Consequently,
he rock mass undergoes a volumetric expansion above and below
he tunnel, and a volumetric reduction in the horizontal direction.
hese volumetric variations in turn generate the pressure increases
nd decreases (see Fig. 9).
With time, because of the water drainage, this difference in
he pressure directional distributions tends to disappear (Fig. 10,
here the two curves are one on top of the other). On the other
and, this is not the case for the stresses which carry on the initial
nisotropy. This is illustrated in Fig. 11, which compares the radial
otal stresses proﬁles along the horizontal and vertical directions,
t the end of the ﬁrst wetting period. These proﬁles are depicted
or both cases, i.e. isotropic and anisotropic initial stress distribu-
ions. It may be noted that the reduction in the horizontal radial
tress level is accompanied by an increase in the vertical direction.
nfortunately, there are no available stress measurements which
ould be compared to the predictions.
F
D
iig. 10. Radial pore pressure at the end of the ﬁrst wetting period (24 May 2003),
n the case of an anisotropic initial stress distribution. The two curves correspond
o the horizontal direction (full line), and to the vertical direction (dashed line).
Because of the assumed isotropy of the HM material proper-
ies, the variations of pore pressures, displacements and stresses
nducedby thewettinganddrying cycles, arequasi-identical for the
orizontal and vertical directions. For example, during a wetting
hase, the decrease of the capillary pressure causes, through HM
ouplings, a quasi-axisymmetric volumetric expansion around the
unnel,which in turn leads toan increaseof theeffectivemeanpres-
ure. This situation will change when accounting for anisotropic
aterial properties, as will be seen in the next section.
.2. Inﬂuence of anisotropic intrinsic permeabilityig. 11. Radial stress proﬁles at the end of the ﬁrst wetting period (24 May 2003).
ashed line: case of isotropic initial stress distribution. Full lines: case of anisotropic
nitial stress distribution.
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Fig. 14. Water content radial proﬁles at the end of the ﬁrst desaturation (26 January
2004). Comparison between measured values (points) and calculated values (full
lines) using anisotropic in situ stresses and transversely isotropic intrinsic perme-
ability.04 A. Millard et al. / Journal of Rock Mechanics
ests, i.e. 10−19 m2. The permeability in the direction orthogonal to
he bedding plane is reduced to 1.8×10−20 m2, according to the
ermeability ratio given in Table 1 (Fernàndez-Garcia et al., 2007).
t may be noted that the values adopted here are a little lower than
he ones identiﬁed in situ by Shao et al. (2011), who used slot pack-
rs in saturated conditions, and who found permeabilities parallel
o the bedding of 3×10−19 m2, and perpendicular to the bedding
f 3.75×10−20 m2, with a corresponding anisotropic ratio of 8. The
ifferences might be attributed either to the natural variability of
heOpalinus clay, or to a scale effect between laboratory and in situ
ests. The mechanical properties are kept isotropic in the present
ase.
The results show a signiﬁcant improvement of the total water
ass extracted from the tunnel (Fig. 12) where the prediction now
atches with the measured upper bound. This could be expected
ince the permeability has been reduced in the vertical direction,
hus leading to a global reduction of the water ﬂowing towards the
unnel, during the drying period.
Conversely, the prediction of the RH evolution is not as good as
or the isotropic reference case, but theagreement is still acceptable
Fig. 13).
Themeasured and calculatedwater content radial proﬁles on 26
anuary 2004 are compared in Fig. 14. With respect to the isotropic
esults (Fig. 8), accounting for the anisotropic intrinsic permeability
eads to a better agreement, although it does not reproduce the
ncrease of water content, compared to the far ﬁeld value which is
bserved in the vertical direction.A more surprising result concerns the relative displacements
Fig. 15) which do not show the pattern previously observed, fol-
owing the wetting and drying phases.
ig. 12. Extracted water mass, using anisotropic in situ stresses and transversely
sotropic intrinsic permeability. Measured (dashed lines) and calculated values (full
ine).
ig. 13. Rock mass relative humidity evolution with time, at different radial dis-
ances from the tunnel axis, using anisotropic in situ stresses and transversely
sotropic intrinsic permeability (dashed lines: measured values in section SB1; full
ines: calculated values).
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mig. 15. Relative radial displacements evolution using anisotropic in situ stresses
nd transversely isotropic intrinsic permeability (dashed lines: measured values in
ection SD1; full lines: calculated values).
This is clearly a consequenceof themore complexdistributionof
heporepressure, due to thepermeability anisotropy. Indeed, apart
rom the initial hydrostatic pressure proﬁle, and the effect of the
xcavation as explained in the previous paragraph, the pore pres-
ure ﬁeld variations (caused by wetting or drying periods), which
xhibited a radial symmetry in the isotropic permeability case, are
ow different in the present anisotropic case. Because of the lower
ertical permeability, the transient pressure variations are lower in
he vertical direction compared to the isotropic case, and this does
lso impact the horizontal direction, which shows high pressure
ariations. Moreover, the durations of the wetting–drying cycles
re no longer sufﬁcient to smooth out, by drainage, the differences
etween vertical and horizontal directions. As a consequence, the
ressuredistribution is no longer axisymmetric over time. For illus-
ration purposes, the radial proﬁles of the pore pressure at the
nd of the ﬁrst wetting period are displayed in Fig. 16 and com-
ared to the ones already presented in the case of an isotropic
ermeability. In the latter case, the pore pressure distribution is
uasi-axisymetric in the vicinity of the tunnel wall, contrary to the
nisotropic case (see Fig. 17).
Through HM couplings, anisotropic pore water pressure varia-
ions induce the same trend in the volumetric strains variations, i.e.
he variations in the horizontal direction are more important than
he ones in the vertical direction, leading to an additional ovaliza-
ion of the rock zone surrounding the tunnel. For example, Fig. 18
hows a comparison of the proﬁles, along the horizontal and verti-
al directions, of thevolumetric strain variations engenderedby the
rst wetting phase, for the isotropic and anisotropic permeability
ases. In addition, contrary to the isotropic case where these volu-
etric variations were all positive (expansion), it can be observed
A. Millard et al. / Journal of Rock Mechanics and Geotechnical Engineering 5 (2013) 97–109 105
Fig. 16. Radial pore pressure proﬁles at the end of the ﬁrst wetting period (24 May
2003). Dashed line: case of anisotropic in situ stress distribution. Full lines: case of
anisotropic in situ stress distribution, and anisotropic intrinsic permeability.
Fig. 17. Iso-maps of the water pore pressure distribution around the micro-tunnel
at the end of the ﬁrst wetting period (24 May 2003). Top: case of anisotropic
in situ stress distribution. Bottom: case of anisotropic in situ stress distribution,
and anisotropic intrinsic permeability. Note that the colors scales are different.
Fig. 18. Radial proﬁles of volumetric strain variations engendered by the ﬁrst wet-
ting phase. Dashed line: case of anisotropic in situ stress distribution. Full lines: case
of anisotropic in situ stress distribution, and anisotropic intrinsic permeability.
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gig. 19. Displacements variations in the vicinity of themicro-tunnel during the ﬁrst
etting phase. Note that the size of arrows has been adjusted for clear visualization.
hat in the anisotropic case, an expansion takes place close to the
unnel wall along the vertical direction and a contraction further
way in the rock mass. This is further illustrated in Fig. 19, where
he displacements variations in the vicinity of the tunnel are plot-
ed, on the one hand, over the two ﬁrst days of the ﬁrst wetting
hase, and on the other hand, over the remaining 322 days of this
hase.It is important to note here that the volumetric strain variations
re spatially correlated to the pressure variations. Indeed, it can
e observed that during the wetting phase, the ovalization is ﬁrst
enerated (over the ﬁrst 2 days) at the tunnel wall, i.e. where the
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ressure variation takes place, and then it further develops into the
ock mass, but its extent remains limited to about 1m (see Fig. 18),
ike the pressure variations. However, farther in the rock mass, a
ositive radial displacement takes place.
As a consequence of these directional and spatial variations
f the radial displacements, the measured relative displacements
xhibit different behaviours as shown in Fig. 15: the horizontal
ehaviour is similar to the isotropic case, whereas the vertical one
eﬂects the changes in the volumetric strain noted above. However,
his behaviour does not seem to be observed on themeasurements.
.3. Inﬂuence of anisotropic mechanical properties
In this last section, the transverse isotropic mechanical prop-
rties are considered in the model, in addition to the previous
nisotropic features. The Young’s modulus along the bedding
lanes has been increased to 1500MPa, whereas perpendicular to
he bedding planes, it has been reduced to 333MPa, which corre-
ponds to amechanical anisotropic ratio of 4.5. This value is greater
han the one indicated by Bock (2001), equal to 2.5, and has been
hosen in order to amplify the effect of the mechanical anisotropy.
The HM coupling Biot’s tensor has been kept isotropic, but the
iot’s coefﬁcient has been increased from 0.75 to 0.9. The corre-
ponding results are ﬁrst displayed in Figs. 20 and 21. As it can
e seen, compared to the previous results of Section 5.2, there is
limited effect on the extracted water mass, as well as on the
ig. 20. Extracted water mass, using anisotropic in situ stresses and transversely
sotropic intrinsic permeability andmechanical properties.Measured (dashed lines)
nd calculated values (full line).
ig. 21. Rock mass relative humidity evolution with time at different radial dis-
ances from the tunnel axis, using anisotropic in situ stresses and transversely
sotropic intrinsic permeability andmechanical properties (points:measuredvalues
n section SB1; full lines: calculated values).
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redicted RH, which might be explained by the fact that the
ydraulic parameters are unchanged.
However, accounting for anisotropic mechanical properties
nduces a, qualitatively and quantitatively, differentHMbehaviour.
or example, immediately after excavation, the pore pressure
ncreases and decreases in the horizontal and vertical directions
espectively (Fig. 9) are more important than those in the previous
onsidered cases. This is due to the differences of the rock mass
tiffness in the vertical and horizontal directions: the lower vertical
tiffness leading to an additional expansion in the vertical direc-
ion, and thehigherhorizontal stiffness to anadditional contraction
n the horizontal direction. It is interesting to note here that the
hree anisotropic features which have been incorporated, i.e. the
n situ stresses, the permeability and the mechanical anisotropies,
ll give the same direction of response and hence their effects are
umulating in the present case.
Another important difference can be seen on the displacements
nd deformations pattern of the rock mass. In fact, because of
he anisotropicmechanical properties, the ovalization deformation
attern already noted in Fig. 19 is still signiﬁcantly much deeper in
he rock mass. For example, as illustrated in Fig. 22, over the ﬁrst
etting phase, radial displacements variations with opposite signs
re obtained at 2m from the tunnel wall, which was not the case
n the anisotropic permeability case.
This behaviour explains thedifference in the signs of the relative
isplacements shown in Fig. 23, compared to those in Fig. 15.
More generally, the same observations can be made for other
echanical quantities of interest, such as the total radial stresses
ariations, or the total orthoradial stresses variations. The result is
he evolution in signiﬁcantly different stresses of the rock mass. An
xample is given in Fig. 24 by the comparison between the total
adial stresses distributions at the end of the ﬁrst wetting period
24 May 2003).
A ﬁnal observation concerns the pore pressure evolution. In
ig. 25, the measurements of the pore pressure at 2.1m from
he tunnel wall, over the two wetting–drying cycles, have been
eported and compared to the predictions using either isotropic or
nisotropicmechanical properties. It can be observed that themea-
ured porewater pressure undergoes variations during thewetting
nd drying phases, which are felt as soon as RH variations are pre-
cribed in the tunnel, which means that they cannot be associated
nly with the ﬂuid transport in the rock mass. The comparison
etween the two simulations further indicates that the mechan-
cal anisotropy is responsible for these variations, which cannot be
eproduced when using isotropic mechanical properties.
The mechanism can be explained as follows by consideration of
heﬁrstwettingphase. As soonasvariationsofRHare applied in the
unnel, apressurevariation takesplaceat the tunnelwall. Thispres-
ure variation in turn induces a mechanical response of the rock
ass, through HM couplings, whatever the anisotropic features of
he rock. Of course, the engendered volumetric strain variations
re important close to the tunnel wall, where the pressure varia-
ion occurs, as seen in the case of anisotropic intrinsic permeability
Figs. 18 and 19). But in the particular case of anisotropic mechan-
cal properties, they are also signiﬁcant up to a few meters into
he rock mass (see for example Fig. 22b). In fact, in the case of
sotropic mechanical properties, the radial and orthoradial strains
ariations are nearly equal with opposite signs, and therefore, the
esulting volumetric strain variations (sum of the radial and ortho-
adial strains variations, in the present plane strains case) away
rom the pressure variation zone are rather small. From a theo-
etical point of view, this can be related to the classical result of
circular hole in a plane strain inﬁnite isotropic elastic medium
Flügge, 1962): the application of a pressure in the hole leads to a
ull volumetric strain variation in thewholemedium. The situation
A. Millard et al. / Journal of Rock Mechanics and Geotechnical Engineering 5 (2013) 97–109 107
Fig. 22. Displacements variations in the vicinity of themicro-tunnel during the ﬁrst
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Fig. 23. Relative radial displacements evolution using anisotropic in situ stresses
and transversely isotropic intrinsic permeability andmechanical properties (dashed
lines: measured values in section SD1; full lines: calculated values).
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a given point in the rock mass is therefore the combined result ofetting phase. Note that the size of arrows has been adjusted for clear visualization.
ere is slightly different since it is not a pressure which is applied
n the hole, but an isotropic stress which is taking place close to the
ole wall. But in the case of anisotropic mechanical properties, the
adial and orthoradial strains variations are signiﬁcantly different
ccording to the stiffness anisotropy (for example in the horizontal
irection, the radial strain variation is lower than the orthoradial
ne), thus leading to more important volumetric strain variations,
hich in turn engender pressure variations with opposite signs in
ertical and horizontal directions.
t
sig. 24. Radial total stress distributions around the micro-tunnel at the end of the
rst wetting period (24 May 2003) (note that the scales are different for (a) and (b)).
To summarize, the pressure variation at the tunnel wall is
esponsible not only for a local volumetric strain variation but also
or another non-local simultaneous volumetric strain farther away
n the rock mass (this second contribution is negligible in the case
f isotropic mechanical properties). The pressure time evolution athese “instantaneous” perturbations and of the subsequent tran-
ient ﬂuid transport.
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Fig. 25. Pore pressure evolutions at 2.1m from the tunnel wall, measured and cal-
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CorkumAG,MartinCD. Themechanical behaviourofweakmudstone (Opalinus clay)
at low stresses. International Journal of Rock Mechanics and Mining Sciencesulated using either isotropic or anisotropic mechanical properties.
. Summary and conclusions
The VE carried out in Mont Terri URL has been designed and
ompleted to study the HM and chemical perturbations induced in
n argillaceaous formation by forced ventilation. It offers a valu-
ble opportunity to validate coupled HM models of unsaturated
orous claystones. It has been used as such in the framework
f the DECOVALEX international project. In this paper, the inﬂu-
nce of the particular anisotropic features of the Opalinus clay has
een investigated, by comparison on the one hand to available
n situ measurements, and on the other hand to simulation results
btained using isotropic properties. The following conclusions can
e drawn from this study:
1) The anisotropy of the in situ stresses has nearly no inﬂuence
on some of the calculated results, such as the global extracted
water mass from the tunnel, the RH inside the rock mass, and
the corresponding relative radial displacements, due to the
wetting–drying cycles. However, the anisotropy of the in situ
stresses is responsible for non-axisymmetric pressure varia-
tions, as well as stresses variations distribution around the
tunnel right after the excavation. With time, the pressure dis-
tribution becomes axisymmetric, thanks to drainage, while the
total stresses distribution does not.
2) The anisotropy of the intrinsic permeability tensor, with a
realistic anisotropic ratio of 5.5, has ﬁrst a strong inﬂuence
on the global extracted water mass, because of the reduced
vertical intrinsic permeability while keeping the horizontal
value unchanged. Then, the relative radial displacements do
not exhibit anymore an axisymmetric behaviour, leading to
an ovalization of the tunnel. This is due to the fact that the
directional differences in intrinsic permeability engender cor-
responding directional differences in pore pressure variations
(under wetting or drying periods), which in turn cause direc-
tional differences in displacement variations and volumetric
strain variations. This effect is happening rather close to the
tunnel wall.
3) The addition of anisotropic mechanical properties, with a
high anisotropic ratio of 4.5, leads to qualtitatively and quan-
titatively different results. Concerning the excavation, the
mechanical anisotropy ampliﬁes the directional variations of
quantities of interest such as the tunnel ovalization displace-
ments, the pore pressure and the stresses (which may have an
incidence on the excavation damaged zone, EDZ). Concerning
the wetting and drying phases, the pressure variations close to
the tunnel wall, caused by the changes of RH in the tunnel,
Feotechnical Engineering 5 (2013) 97–109
engender simultaneously through HM couplings, additional
pressure variations farther away in the rock mass.
Of course, many of the above considerations are based on
umerical simulations, and unfortunately, it has not been possi-
le to fully validate these aspects of the HM couplings in presence
f anisotropic mechanical properties, on the basis of the available
xperimental data and measurements. Nevertheless, the overall
ydraulic behaviour of the tunnel has been well reproduced, and
he differences, observed on the rock mass water contents mea-
ured along bedding planes and orthogonal to bedding planes,
ave been explained by the anisotropic intrinsic permeability.
n addition, the pore pressure variations observed during the
etting–drying cycles have been explained and mimicked when
ccounting for the mechanical anisotropy of the argillite. More
iscrepancies have been found on the relative displacements, for
hich the measurements do not show some features which might
e expected when accounting for anisotropic mechanical proper-
ies of the rock. Although it is clear that the hydric behaviour is
ominating in the VE, and that the models capture it rather nicely,
t would be interesting to have some additional investigations on
he characterization of the HM coupling terms. Moreover, some
ther important aspects have not been incorporated in the present
tudy, such as the intrinsic swelling properties of the material, or
he impact of the EDZ on the HM properties, which might have
ome inﬂuence close to the tunnel wall, and also bring in another
nisotropic feature.
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